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ABSTRACT

We present theoretical predictions of the born-again scenario for post-asymptotic giant-branch stars.

An extensive model grid for born-again objects has been constructed, particularly including models

for the Very Late Thermal Pulse with and without convective overshooting, and also including models

for the Late Thermal Pulse. We constructed a large parameter space to analyze the dependencies

of the born-again model on core mass, hydrogen-envelope mass, and overshoot parameters, and we

analyzed how changes in these parameters affect the models’ evolution. We applied our grid of models

to interpret observations of DYCen, a star exhibiting characteristics similar to confirmed born-again

stars. We compared DYCen with models from multiple aspects, including heating rate, evolutionary

tracks, and surface abundances. Ultimately, we concluded that none of our born-again models could

match all of the observed properties of DYCen, especially its surface chemistry; DYCen is therefore

an unlikely born-again star.

Keywords: Asymptotic giant branch stars (2100) — Post-asymptotic giant branch stars (2121) —

Stellar evolutionary models (2046) — Stellar evolution (1599) — Non-standard evolution

(1122)

1. INTRODUCTION

1.1. The Asymptotic Giant Branch and beyond

Asymptotic giant branch (AGB) stars are low- and

intermediate-mass stars that have completed core he-

lium burning and so consist of a degenerate carbon-

oxygen core, a helium-rich inter-shell, and a hydrogen-

rich envelope. For the most part, their high luminosity

is maintained by nuclear hydrogen burning at the base

of the hydrogen envelope. This is interrupted by unsta-

ble helium burning at the base of the helium inter-shell

in a process known as a “thermal pulse”.

Once a star has lost the most of its envelope, it de-

parts the AGB and enters the post-asymptotic giant

branch (post-AGB). In this post-AGB phase, stars con-

tract, maintaining roughly the same luminosity, until

they reach a planetary nebula or hot pre-white dwarf
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phase, after which they start to dim and cool as white

dwarfs.

Before leaving the AGB, stars exhibit very strong

mass loss associated with their high luminosities. Al-

though still dominated by hydrogen, the surface abun-

dances of helium, carbon, oxygen, nitrogen, and other

elements can be significantly enhanced by “third dredge-

up”, a process by which convection brings fresh nuclear

products produced in a thermal pulse to the surface.

Leaving the AGB does not mean that the hydro-

gen shell switches off completely, when the hydro-

gen envelope drops below a critical mass (B.

Paczyński 1971; M. M. Miller Bertolami 2016; S.

Kwok 2024)the envelope must contract. Since the

hydrogen-shell can still add helium to the inter shell, and

contraction will compress and heat the inter-shell, the

latter may therefore ignite helium if and when the inter-

shell reaches a critical temperature and density, even

though the star has become a dwarf or white dwarf (D.

Schönberner 1979; I. Iben, Jr. & A. V. Tutukov 1984).

Such ignition therefore depends on the state of the inter-

shell at the point where the hydrogen-shell could no

longer sustain the star on the AGB, as well as on the

residual hydrogen-mass which controls the rate at which
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hydrogen is being added to the inter-shell. If it occurs,

the ignition, burning and expansion cycle is known as

a “last thermal pulse”, or “born-again phenomenon” (I.

Iben 1984), and can substantially reduce the hydrogen

content at the stellar surface. This paper is concerned

with modeling that process, in particular with respect

to understanding the hydrogen-deficient star DYCen.

1.2. The Late Thermal Pulse in the evolution of

post-AGB stars

T. Blöcker (2001) identified three types of “last ther-

mal pulse”: an AGB Final Thermal Pulse (AFTP) oc-

curring at the very end of the AGB evolution, a Late

Thermal Pulse (LTP) occurring during the post-AGB

evolution when hydrogen burning is still on, and a Very

Late Thermal Pulse (VLTP) occurring on the WD when

hydrogen burning has already ceased. In VLTP and

LTP models, the star is forced to expand to become a

cool supergiant where it may stay for some time; it then

contracts along a post-AGB track for a second time and

finally reaches the white dwarf cooling track. This evo-

lution may be fast, taking months to tens of years to

expand and roughly ten times that to contract. This is

also an important observational characteristic for veri-

fying that the star is a “born-again star”.

A classical method to distinguish whether a star ex-

perienced a LTP or a VLTP was to check if the surface

retains its hydrogen-rich primordial composition. If the

surface shows no significant change, the star likely expe-

rienced an LTP. T. Blöcker (2001) showed that for stars

with surface temperatures exceeding 100 000 K, a VLTP

would expose products of nuclear burning, and promptly

destroy any remaining hydrogen. However, since both

models lead to the formation of a giant with a deep con-

vective envelope, further mixing can occur and result in

hydrogen deficiency and an enrichment of s-process ele-

ments. Both VLTP and LTP models have been used to

explain hydrogen-deficient stars including some central

stars of planetary nebulae, PG1159 stars, O(He) stars

(M. M. Miller Bertolami & L. G. Althaus 2006), the

[WC]-type Wolf-Rayet stars (O. De Marco et al. 2002),

and R Coronae Borealis (RCrB) stars (G. C. Clayton

1996).

1.3. “Born-again” stars

Stars undergoing a Late Thermal Pulse (LTP) are not

uncommon: more than 10% of AGB stars may experi-

ence this process (H. van Winckel 2003).

I. Iben, Jr. et al. (1983) suggest that if the thermal

pulse occurs during the Planetary Nebula (PN) phase,

the star would almost never linger in the giant phase,

but would be observed in the post-AGB phase. If the

thermal pulse occurs in the white dwarf phase, the star

could remain in the giant stage for a period. During this

time, it could be observed and identified as an RCrB

star, such as FG Sge, V4334 Sgr (Sakurai’s Object) and

V605 Aql. FG Sge is a classic demonstration of LTP

theory. I. Iben, Jr. et al. (1983)’s born-again calcu-

lation shows that an LTP model can reach the same

luminosity as FG Sge. Over an interval of 120 years,

FG Sge transformed from being a hot post-AGB star

into a very luminous cool supergiant. During this pe-

riod, its surface abundance changed from hydrogen-rich

to hydrogen-deficient (C. S. Jeffery & D. Schönberner

2006). This rapid reverse evolution and change in sur-

face abundance perfectly aligns with the predictions of

the LTP.

The most striking example of an LTP is the central

star of the Stingray Nebula (N. Reindl et al. 2017). Al-

though it is not hydrogen-deficient, it remains the only

LTP object to date that has been observed undergoing

both blueward evolution (heating and contraction) and

redward evolution (cooling and expansion). Between

1988 and 2002 its surface heated from approximately

38 000 K to 60 000 K and then, beginning in 2002,

cooled and expanded, reaching an effective temperature

of about 50 000 K and a surface gravity that dropped

from log g = 6.0 to 5.5 by 2015.

Typical examples of a VLTP are Sakurai’s Object and

V605 Aql. H. W. Duerbeck & S. Benetti (1996) pre-

sented evidence that Sakurai’s Object cooled rapidly

and uniformly over time, exhibiting hydrogen deficiency,

carbon enrichment, and high luminosity. These char-

acteristics indicate that Sakurai’s Object underwent a

very Late Thermal Pulse. Subsequent observations have

shown that the surface hydrogen abundance declined

from approximately 0.007 in May 1996 to about 0.0007

in October 1996(M. Asplund et al. 1997). M. M. Miller

Bertolami & L. G. Althaus (2007) computed a VLTP

model to explain the rapid evolution of Sakurai’s Object,

achieving an excellent match with the observed cooling

rate.

V605 Aql demonstrates the most extreme surface

heating rate known, the surface temperature rising from

Teff ≈ 5 000K in 1921 to ≈ 95 000K in 2006. V605

Aql exhibits surface abundances similar to those found

in Wolf-Rayet [WC] central stars of planetary nebulae,

with about 55% helium and 40% carbon (G. C. Clay-

ton et al. 2006). Due to the large temperature range

and the rapid rate of change, averaging 5 000 Kyr−1 in

the later stages, this is considered a very typical exam-

ple of a VLTP. Due to the striking similarities between

Sakurai’s Object in 1996 and V605 Aql in 1919, V605
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Aql is considered a precursor to the future evolution of

Sakurai’s Object.

1.4. DY Cen

At various epochs, the spectrum of DYCen has resem-

bled a cool hydrogen-deficient star, an extreme helium

star having above average surface hydrogen abundance

(C. S. Jeffery & U. Heber 1993) and, recently, a late

[WC]-type PN central star (C. S. Jeffery et al. 2020). It

showed RCrB-type variations until 1934, but not sub-

sequently (D. Hoffleit 1930; B. E. Schaefer 2016). Its

evolution is rapid; its steady decline in visual brightness

over the last century corresponds to an increase of sur-

face temperature (O. De Marco et al. 2002; B. E. Schae-

fer 2016). Combined with spectroscopic measurements

of surface temperature covering 1987 - 2015, DYCen

has contracted at constant luminosity, its surface heat-

ing at a rate of about 300 K yr−1 in the last 60 years

(G. Pandey et al. 2014; B. E. Schaefer 2016; C. S. Jeffery

et al. 2020). This rate is a factor 2 higher than expected

for regular R CrB and extreme helium stars formed from

double white dwarf mergers (10− 150 Kyr−1) (H. Saio

& C. S. Jeffery 2002). This contraction is associated

with rotational spin-up approaching 50% of the critical

rate (C. S. Jeffery et al. 2020). The 1987 spectrum of

DYCen showed the surface abundance of the s-process

element strontium to be 4 dex above solar (C. S. Jeffery

et al. 2020). The latter offers an additional test for evo-

lutionary models of potential LTP stars (C. S. Jeffery &

D. Schönberner 2006; M. Asplund et al. 2000).

1.5. Objectives

DY Cen is a rapidly evolving star with reliable sur-

face abundance and long-term observational data, and

it shares many similarities with V605 Aql. Both stars

are thought to have evolved from the R CrB domain,

following similar evolutionary paths and sharing surface

characteristics. However, DY Cen also displays a unique

surface hydrogen abundance, and its comparison with

classical VLTP objects plays a crucial role in the study

of born-again stars.

Although several studies have modeled born-again

stars, there is still a lack of detailed discussion re-

garding the conditions that lead to different born-

again scenarios, especially VLTP models, and the cor-

responding range of parameter space. In this work,

we use the ”Modules for Experiments in Stellar Astro-

physics”(mesa) code to establish a grid of born-again

star models under various parameters. We aim to inves-

tigate the models’ sensitivity to key factors such as the

overshoot parameter, stellar mass, and H envelope mass,

thereby expanding our understanding of born-again star

models.

In particular, we aim to compare these models with

the observed characteristics of DYCen to establish

whether it could have been produced in a Late or a Very

Late Thermal Pulse.

1.6. Outline

Section 2 of this paper describes the computational

tools and physics adopted to build stellar evolution mod-

els.

Section 3 discusses various model sequences. Sec-

tion 3.1 details the process of constructing a standard

VLTP model. Section 3.2 presents and discusses four

models with the same core mass but leading to three

distinct evolutionary outcomes. Section 3.3 showcases a

sequence of models where the hydrogen envelope mass is

the variable parameter. Section 3.5 explores the impact

of varying core mass values on surface abundances. Sec-

tion 3.6 presents the grid with convective overshooting

and illustrates the effects of overshooting on the evolu-

tionary state and surface elemental abundances.

Section 4 compares our models with observations of

DYCen. Section 4.1 compares the evolutionary his-

tory of DYCen with standard post-AGB and born-again

models in terms of heating rates. Section 4.2 contrasts

the log g-Teff evolutionary tracks of DYCen and VLTP

models.

Section 5 summarizes the key findings and broader

implications of the study.

2. METHODS

We use the stellar evolution code mesa-r22.11.1 (B.

Paxton et al. 2011, 2013, 2015, 2018, 2019) to model

the evolution of LTP and VLTP stars. Since our born-

again star models are initialized at the thermal-pulsing

asymptotic giant branch (TP-AGB) stage, we begin by

evolving each model from the zero-age main sequence

(ZAMS) through to the TP-AGB. In all phases, con-

vective overshooting is included using the scheme with

f = 0.016 and f0 = 0.008 (F. Herwig 2000). The ra-

tio of mixing length to local pressure scale height is set

to α = l/Hp = 1.9179 (B. Paxton et al. 2011). Unless

otherwise stated, all models in Section 3 do not include

the effects of convective overshooting. The calculation

of opacity uses the default MESA tables as described by

(B. Paxton et al. 2011) . At high temperatures (log T ≥
3.75), OPAL Type 2 tables with the M. Asplund

et al. (2009) mixture (including C/O enhancement)

are selected by setting kap file prefix=’a09’ and

kap CO prefix=’a09 co’. These are valid for hydrogen-

deficient mixtures. At low-temperatures (log T < 3.75),

the built-in J. W. Ferguson et al. (2005) tables are scaled

to the M. Asplund et al. (2009) mixture, specified by

kap lowT prefix=’lowT fa05 a09p’.
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Table 1. The upper part of the table shows the mass of each component of the standard model (Sect. 3.1) at four representative
stages of evolution. For comparison, the lower part of the table shows the total and hydrogen masses for the same AGB model
allowed to evolve to the white dwarf stage without additional mass loss.

Stage Total Mass/M⊙ H mass/M⊙ He mass/M⊙ CO mass/M⊙

Standard model with enhanced mass loss

ZAMS 2.30000 2.30000 0.00000 0.00000

TP-AGB 1.63569 1.07706 0.02944 0.52919

Blue Point 1 0.55875 0.00016 0.02944 0.52915

Blue Point 2 0.55875 0.00000 0.03022 0.52853

Normal AGB and post-AGB evolution with Blöcker wind

ZAMS 2.30000 2.30000 0.00000 0.00000

AGB Tip 1.32901 0.75956 0.02306 0.54639

post-AGB cool 0.58017 0.00780 0.02473 0.54764

post-AGB hot 0.57315 0.00034 0.02504 0.54777

Our post-LTP/VLTP models do not reach surface

temperatures log Teff < 3.75 and therefore should not

be significantly affected by the low-T Ferguson tables

which are only valid for hydrogen-rich mixtures. The

outer boundary condition is chosen to be an Eddington

gray photosphere. Nuclear reactions are treated with

the ‘agb.net’ network, which includes 17 nuclides: 1H,
2H, 3He, 4He, 7Li, 7Be, 8B, 12C, 13C, 13N, 14N, 15N,
16O, 17O, 18O, 19F, and 22Ne.

All red giants experience substantial mass loss through

a stellar wind. In our AGB models this is achieved

through the use of a Blöcker-type formula (T. Blöcker

1995). Fig. 1 (top panel) shows the classical evolution

track of a 2.3M⊙ star with solar composition (Z = 0.02),

and Section 3.1 will explain this model in detail. How-

ever, to explore a larger range of post-AGB models than

allowed by canonical mass-loss formulae, we used the

”relax mass” function in MESA. This function enforces

a rapid stellar wind, artificially driving the loss of the

envelope. This approach allows us to identify the opti-

mal timing for envelope removal – typically just before

the onset of a thermal pulse – and to control the result-

ing core mass. After numerous attempts, we found that

the most consistently successful results were obtained if

the outer layers were stripped from the model

The success rate obtained from repeated trials indi-

cated that the optimal moment for envelope removal

to eventually trigger a born-again event occurs during

a thermal pulse cycle precisely at the point where the

helium luminosity begins to rise sharply. This occurs

around logLHe/L⊙ ∼ 2.3, after which the luminosity

increases rapidly.

Since the enhanced mass-loss process is carried out

whilst the model is on the AGB, the contraction of the

residual envelope and relaxation of the underlying layers

will bring the model into equilibrium before an LTP or

VLTP occurs, so that the model transitions into a pre-

white dwarf configuration without helium ignition.

We note that our approach does not represent a phys-

ically continuous evolutionary process. Rather, it is de-

signed to produce artificial post-AGB models and hence

explore a wider range of possible AGB core and envelope

masses than allowed by standard assumptions about

AGB mass-loss and evolution. In particular we want

to systematically identify configurations that are most

likely to lead to LTP and VLTP events. There may be

some justification for considering non-canonical mass-

loss. Other mass-loss mechanisms include common-

envelope ejection or stripping induced by a binary or

planetary companion and a super-wind phase leading to

the ejection of a planetary nebula. Although there have

been no confirmed binary detections amongst LTP and

VLTP candidates, a low-mass or white dwarf companion

in a wide binary would be difficult to exclude.

Note that the envelope has already been enriched with

helium and other elements as a consequence of con-

vective dredge-up on both giant branches. For refer-

ence, the total mass (Total mass) represents the sum

of the envelope mass (H mass), the helium-shell mass

(He mass), and the carbon-oxygen core mass (CO mass).

According to R. J. Stancliffe (2005), approximately

10−4M⊙ hydrogen should remain if an LTP is to oc-

cur. We will explore the correlation between envelope

mass, core mass and the type of late thermal pulse in

Section 3.4.

The MESA inlists used to obtain the results presented

in this study will be made available elsewhere3. Ad-

3 https://zenodo.org/records/15721350

https://zenodo.org/records/15721350
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Figure 1. Top: Classical evolution of 2.3M⊙star (Z = 0.02)
from ZAMS to WD. The main stages of evolution are identi-
fied by coloured ellipses, and sample models are labelled with
total mass and age from the ZAMS. Bottom: Three different
evolutionary tracks calculated for models with the same core
mass (Mc = 0.55864M⊙)

but different envelope masses and hence different total
masses as shown. Numbers 1○ to 6○ identify the main
phases of VLTP evolution as in Fig. 2, distinguished by
color. The black numbers represent the stages that are

common to all tracks.

ditionally, we have shared the programs developed for

creating and processing the model grids, which feature

support for a graphical user interface (GUI) mode, mak-

ing interactions more efficient and intuitive4.

3. MODELS

3.1. The Standard Model

To ensure that a star undergoes its final thermal pulse

during the white dwarf phase, the first step is to model

4 https://github.com/584146519/MESAgrid

3.503.754.004.254.504.755.005.25
log Teff/K

0

2

4

6

8

lo
gg

/c
m

s
2

ZAMS

TP-AGB

Start of He Flash

WD cooling track

sdO
R CrB

Figure 2. Teff - log g diagram showing the theoretical evo-
lution track for a star that experiences a Very Late Thermal
Pulse (VLTP). The rapid mass-loss process is represented by
a dashed line. Numbers 1○ to 6○ identify the main phases
of VLTP evolution. The figure also shows the positions of R
CrB stars (in blue, from C. S. Jeffery et al. (2011)) and sdO
stars (in purple, from S. Geier et al. (2022)).

a TP-AGB star and then find the most suitable time to

remove most of its envelope just before a thermal pulse

occurs.

We take the example of a 2.3M⊙ progenitor star with

a metallicity of Z = 0.02 and a helium abundance of

Y = 0.28.

The progenitor star evolves from the pre-main se-

quence phase, passes through the main sequence and

red giant branch (RGB) phases, and undergoes a total

of 9 thermal pulses in the thermally pulsing asymptotic

giant branch (TP-AGB) phase.

Evolution after application of the “relax mass” func-

tion marks the beginning of the Very Late Thermal

Pulse process we are attempting to model. For the

VLTP model discussed in this section, Total mass =

M = 0.55875M⊙ (the mass after mass loss), H mass =

0.000145M⊙ (mass of H envelope), and core mass ≡
CO mass + He mass = Mc = 0.55864M⊙ (the mass of

star without hydrogen envelope).

Table 1 presents the masses of each component at var-

ious evolutionary stages for both our enhanced mass-

loss model and the model with a steady, lower-intensity

Blöcker wind (the latter using a “Blocker scaling factor

= 0.5”). TP-AGB refers to the last moments of nor-

mal evolution before the addition of rapid mass loss.

The Blue Points (1, 2) represent the moments when the

hottest point was passed before and after the born-again

process.

https://github.com/584146519/MESAgrid
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Figure 3. Stellar evolution following a VLTP, i.e. a He-shell flash while on the white dwarf cooling track, for four models with
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mass (shaded) and the luminosities for the H (violet) and He (red) shells for the same models, both as a function of time after
the last thermal pulse.
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Figure 2 shows the log g − log Teff diagram with the

whole evolutionary track of the model from zero-age

main sequence (ZAMS) contraction to the final white

dwarf cooling track after undergoing a Very Late Ther-

mal Pulse.

The track of the 2.3 M⊙ model starts at the ZAMS.

The first half depicts evolution through the main se-

quence 1○, the first giant branch, helium core burn-

ing, the early asymptotic giant branch (E-AGB), and

finally, the thermally pulsing asymptotic giant branch

(TP-AGB) 2○. Rapid mass loss is imposed during the

TP-AGB phase so that the model contracts rapidly to

become a white dwarf.

The second half of the track shows the initial white

dwarf contraction. Soon after the star commences its

initial descent on the white dwarf cooling track, a change

in slope occurs at the point marked “start of He flash”
3○. This corresponds to the point where helium shell

ignition occurs, and the white dwarf starts to expand.

Subsequently, the model expands, hydrogen shell igni-

tion occurs 4○, and flash-driven convection reaches the

surface and enriches surface carbon. Further expansion

leads to an increase in luminosity and decrease in sur-

face temperature, bringing the model back to the yel-

low supergiant part of the logL − log Teff diagram 5○.

Following this, the star begins a new phase of contrac-

tion and heating, potentially illuminating a planetary

nebula, and will eventually evolve into a carbon-oxygen

white dwarf 6○.

If we modify the mass loss, thereby altering the mass

of the H envelope, we obtain the other two types of Late

Thermal Pulse, as illustrated in Figure 1.

3.2. Classification of the Late Thermal Pulse

As already introduced, the Late Thermal Pulse can be

classified using the location of the thermal pulse which

divides pulse into VLTP or LTP.

In our model sequences with different hydrogen-

envelope masses, we identify a case that is clearly dis-

tinct from the classical VLTP. In this scenario, the hy-

drogen envelope is much more depleted than in a stan-

dard VLTP, so that a full hydrogen flash cannot develop

during the thermal-pulse. The result is a comparatively

smaller loop on the HR diagram than in the VLTP case.

We designate this behavior as a hydrogen-deficient late

thermal pulse (Hd-LTP). These Hd-LTP models come

with a warning. The bottom layers of the H-envelope in

AGB stars are very tightly bound. Common-envelope

or planetary engulfment events, or other envelope insta-

bilities would be highly unlikely to remove these layers.

It is not known what mechanism might remove them

in practice. However, such artificial models allow us to

explore the limits of what might be observed under ex-

treme and hitherto unimagined circumstances.

The evolution tracks for the three classifications are

shown in Fig. 1 (lower panel). These are a Hd-LTP

model with total mass M = 0.55864M⊙, a standard

VLTP model with M = 0.55875M⊙, and a LTP model

with M = 0.55915M⊙. Before the final thermal pulse

occurred, the models in this subsection all had the same

core mass of Mc = 0.55864M⊙. In Section 3.3, the

Hd-LTP, VLTP, and LTP are linked into a sequence by

treating the hydrogen mass as a continuous variable.

To understand the entire process, we examined

four models to explore the convection zone and lu-

minosity history, corresponding to total mass M =

0.55864, 0.55873, 0.55901, and 0.55915M⊙. All have

core mass Mc = 0.55864M⊙. Fig. 3 shows the evolu-

tion tracks, extent of convection zones, and evolution

of the H envelope and He shell luminosities for each of

these models.

The evolution of the Hd-LTP model can be under-

stood by observing the size and extent of the track loops.

In the M = 0.55864 M⊙ model (A), stellar winds have

blown away most of the hydrogen before the core cools

and contracts to ignite the helium shell. Therefore there

is not enough hydrogen left on the surface to ignite and

expand. As a result, the model shows a small loop in the

Hertzsprung-Russell (HR) diagram, which should be-

comes larger as the amount of hydrogen increases. Fig.

3(A) shows the M = 0.55864 M⊙ model and that the

hydrogen mass is too small to support a high-luminosity

ignition.

Figure 3(B) shows that the M = 0.55873M⊙ model is

a VLTP model. As the helium shell luminosity increases,

surface convection region also gradually expands, then,

hydrogen near the surface ignites, leading to a hydrogen

flash.

It is this hydrogen flash that causes the star to ex-

pand rapidly and, hence, to become brighter. At the

same time, a convective region forms on the surface,

which connects with the convective region from helium

burning, altering the surface element abundance.

When the model evolves back to the hot end, if the

surface hydrogen burns to produce enough helium, there

will be a secondary brief thermal pulse causing a small

loop in the HR diagram, as shown in Fig. 3(C) for the

0.55901 M⊙ model, which is also VLTP model. This

small loop is located in the region where the PG 1159

stars are found (K. Werner & F. Herwig 2006).

Figure 3(D) shows that the M = 0.55915M⊙ model is

an LTP model. The surface temperature is lower at the

start of the cooling phase, and hydrogen is not ignited

throughout the process. Although a thin layer of the



8

convective region forms on the surface during the later

stages, there is no contact with the convection zone pro-

duced by helium burning, indicating that the LTP does

not alter the surface element abundance.

3.3. Evolution as a function of envelope mass

Whilst the intensity of a thermal pulse depends on

physical conditions in the inter-shell, the question of

whether any convection driven by the helium shell flash

can penetrate to the surface depends on the hydrogen

envelope mass lying on top of the inter-shell. T. M.

Lawlor (2021) analyzed the effect of varying the resid-

ual hydrogen mass on LTP models; we extend this anal-

ysis to encompass the hydrogen envelope mass range in

VLTP models. These models do not take into account

the effects of convective overshooting.

This section focuses on models created from the 2.3

M⊙ progenitor star. The total masses range from M =

0.558605 to 0.559150M⊙, in intervals of 0.000005M⊙,

where M = 0.558605M⊙ ≡ Mc represents the com-

pletely stripped core. The character of the evolution

tracks changes as a function of hydrogen envelope mass

(Fig. 4). The tracks have been divided into three types:

Hd-LTP, VLTP, and LTP. Models with larger total mass,

corresponding to models with more massive hydrogen

envelopes, show changes in the shape of the VLTP loop.

Specifically, towards higher mass, the minimum loop lu-

minosity increases, the minimum loop temperature de-

creases, and the loop becomes “fatter” overall. The

evolutionary state also changes: what can be consid-

ered a Hd-LTP transforms into a true VLTP. The min-

imum luminosity before expansion can drop as low as

logL/L⊙ = −1.4 .

Figure 5 shows helium surface abundance as a function

of total mass during its final post-LTP contraction. The

three cases are Hd-LTP, VLTP, and LTP. A Hd-LTP

occurs when the total mass is less than about 0.55872

M⊙ and is due to excessive stripping of the surface that

exposes the He core. The surface helium abundance re-

flects the composition profile at the hydrogen-helium in-

terface prior to surface stripping. VLTP corresponds to

masses between approximately 0.55875 M⊙ and 0.55905

M⊙, when a convective hydrogen envelope meets a con-

vective helium shell, dredging elements to the surface. In

our models, the surface helium abundance is about 38%.

The LTP occurs when the mass exceeds about 0.55905

M⊙, and it represents an unmixed envelope equivalent to

that of the hydrogen-rich envelope after second dredge-

up, with a surface helium abundance of about 30%.

The boundary between VLTP and LTP models is in-

distinct and sensitive to numerical noise; a small change

in mass or mass-zoning affects the final outcome, par-
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Figure 4. Evolutionary tracks for models having the
same initial core mass (Mc = 0.55864M⊙) and with dif-
ferent total masses (M) after mass-loss. The red line con-
nects the start positions for the tracks. The tracks are
colour-coded by total star mass, as shown in the colour
scale on the right. Bottom: Hd-LTP models ranging from
M = 0.558605 − 0.558800M⊙ from the end of the first
post-AGB phase to the white dwarf stage. Middle: VLTP
models for M = 0.558730− 0.559010M⊙. Top: LTP models
for M = 0.558980− 0.559150M⊙.
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Figure 5. The helium abundance after convective mixing
from all 0.559 M⊙models, with varying hydrogen envelope
masses.

ticularly within the region where their parameter spaces

overlap.

3.4. Timescales for the Late Thermal Pulse

Figure 6 shows the elapsed times between critical

points on our VLTP evolution tracks. The positions

of critical points are illustrated schematically in the top

panel and are defined generally as: A: maximum effec-

tive temperature before the TP, B: minimum luminosity

during the TP, C: maximum effective temperature dur-

ing the TP, D: a point preceding and hotter than E by

500 K, E: minimum effective temperature following the

TP, and F: minimum surface gravity following the TP.

The interval C-D, rather than C-E, better indicates the

rate of expansion after the initial pulse, since expansion

slows towards the cool limit.

The lower panels show critical intervals for the se-

quences of models with the same core mass (Mc =

0.55864M⊙: middle) and increasing envelope mass and

with increasing core mass (bottom). The initial expan-

sion immediately following shell helium ignition (B-C)

lasts ≈ 4 d for Mc = 0.55864M⊙ sequence, falling to

less than 1 d at higher core masses. For stars like Saku-

rai’s Object, this would correspond to the pre-discovery

phase. Expansion from blue-to-red at roughly constant

luminosity (C-D) takes between 1 and 5 years, with the

shorter times corresponding to larger envelope or core

mass. For Sakurai’s Object this would correspond to the

post-discovery phase prior to its obscuration by ejected

dust.

The expansion timescales C-D are in good

agreement with observations of Sakurai’s Object

(V. P. Arkhipova et al. 1999). The timescales

C-E are in good agreement with some precious
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Figure 6. Timescales between critical points on stellar evo-
lution tracks following a VLTP. Top: The M = 0.55880M⊙
VLTP evolution track is marked to illustrate locations of
critical points as defined in the text. Middle: timescales of
all VLTP models in the Mc = 0.55864M⊙ sequence. Bot-
tom: timescales of VLTP models in the varying core mass
sequence.
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Table 2. Surface abundances as mass fraction (per cent) following a VLTP for models with different core masses.

Initial Mass Model Mass H1 (%) He4 (%) C12 (%) N14 (%) O16 (%)

2.30M⊙ 0.55886M⊙ 0.95 37.59 35.49 1.21 17.56

2.70M⊙ 0.58770M⊙ 0.26 43.56 31.88 2.17 13.96

2.90M⊙ 0.60770M⊙ 0.42 44.90 31.64 2.17 12.23

3.10M⊙ 0.63340M⊙ 0.01 46.60 32.25 2.26 10.44

3.25M⊙ 0.65870M⊙ 0.88 49.17 29.10 2.70 8.10

3.40M⊙ 0.68250M⊙ 0.59 51.10 30.06 2.83 5.86

3.60M⊙ 0.72145M⊙ 1.00 79.21 10.03 3.55 0.42

DY Cen — 2.6(5) 94(1) 2.0(9) 0.13(04) 0.60(06)

VLTP calculations (e.g. M. M. Miller Bertolami

& L. G. Althaus 2007; T. M. Lawlor & J. Mac-

Donald 2001). However, other VLTP models re-

quire an adjustment of the convective efficiency

in order to reproduce such a short timescale (e.g.

M. Hajduk et al. 2005; F. Herwig et al. 2011).

Our own models indicate that such an adjust-

ment may not be necessary.

3.5. Effect of core mass

We evolved Z = 0.02 models with initial masses

of 2.3, 2.7, 2.9, 3.1, 3.25, and 3.4 M⊙ from the

PMS stage through the TP-AGB phase, during

which they experienced 9, 9, 7, 6, 5, and 3 thermal

pulses, respectively, before departing the AGB and

eventually becoming born-again models with final

masses M = 0.5587, 0.5877, 0.6077, 0.6334, 0.6586

and 0.6825M⊙. These have core masses

Mc = 0.55864, 0.58759, 0.60759, 0.63335, 0.65861

and 0.68244M⊙, respectively.

We also evolved a 3.6 M⊙ sequence, yielding two mod-

els of M = 0.72145M⊙ and 0.73140 M⊙, with core

masses Mc = 0.72111 and 0.73128 M⊙, which under-
went one and three thermal pulses (TPs), respectively.

All models were computed both with and without over-

shooting, but we excluded models which suffer only one

thermal pulse on the TP-AGB without overshoot; their

structure leads to anomalous behaviour compared with

models which have at least 3 TPs.

Figure 7 shows the range of different born-again types

obtained by varying the hydrogen envelope mass for

models with different core masses, without convective

overshooting. Figure 8 shows the same with convective

overshooting included (f = 0.008).

M. M. Miller Bertolami (2024) pointed out that more

massive remnants tend to possess less massive envelopes

when a late thermal pulse occurs. A similar trend can

be roughly observed in our model sequence, providing

the momdel experiences at least three thermal pulses on

the AGB, as shown in Figs. 7 and 8.
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Figure 7. Born-again types as a function of CO+He

core mass and H envelope mass without convective
overshooting.
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Figure 8. As Fig. 7 with convective overshooting.

Table 2 shows the surface abundance produced by

VLTP models with different core masses and without

convective overshooting. It shows that, with increas-
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convective overshooting parameter f ranging from 0.001 to
0.016.The X-axis of the gray background section uses scales
of different proportions to display the data of the more de-
tailed model with f ranging from 0.001 to 0.002

ing core mass, the surface helium (He) abundance in-

creases significantly, while carbon (C) and oxygen (O)

abundances gradually decrease. Nitrogen (N) increases

relatively slowly, and hydrogen (H) shows no obvious

change.

3.6. Effect of overshooting

F. Herwig & T. Blöcker (2000) and T. Blöcker et al.

(2000) have discussed the significant impact of convec-

tive overshooting on surface element abundance during

the third dredge-up of AGB stars. In MESA, the pa-

rameter f0 defines how far back into the convection zone

to start overshooting, while f specifies the distance the

overshooting extends beyond the convection zone edge,

both measured in pressure scale heights (Hp).

In order to investigate the influence of convective over-

shooting on surface abundance and evolution, we built

a grid for a M = 0.72145M⊙ model, where we system-

atically varied the convective overshooting parameters.

Specifically, we set the parameter f0 to 0.001 and ad-

justed f to explore different degrees of overshooting.

F. Guo & Y. Li (2019) argue that setting f = 0.008

may be appropriate for low-mass main-sequence mod-

els. However, the same value cannot be assumed for all

stages of stellar evolution.

Using f = 0.008 as a reference, we created a series

of convective overshooting models to explore the range

f = 0− 0.016. The step size from 0 to 0.002 is 0.00005,

and the step size from 0.002 to 0.016 is 0.001.

Figure 9 shows the relationship between the convective

overshooting parameter f and surface abundance for the

M = 0.72145M⊙ model. When f ∼ 0.00005 − 0.0012,

the model behaves mostly as a Late Thermal Pulse
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Figure 10. The observed rate of change of surface temper-
ature (Ṫ ) for DYCen between 1920 and the present. Values
are calculated for the midpoint between two observations us-
ing data reported by B. E. Schaefer (2016), G. Pandey et al.
(2014) and C. S. Jeffery et al. (2020).

(LTP). For f > 0.0012, the model behaves as a Very

Late Thermal Pulse (VLTP) The transition occurs be-

cause convection brings hydrogen into the convective

zone, triggering a hydrogen ignition that leads to a

VLTP. Subsequently, as overshooting increases, the sur-

face abundance of helium decreases while that of car-

bon and oxygen increases. This is due to the greater

entrainment of CO core material into the helium con-

vection zone, which is then carried to the surface by

the convective zone of the subsequent hydrogen flash,

thereby altering the abundances of helium, carbon and

oxygen. In this case (Fig. 9), the LTP/VLTP transition

is bistable in the range f ∼ 0.00005 − 0.0012, with so-

lutions oscillating between LTP and VLTP behaviour.

Whilst the bistability suggests numerical noise, increas-
ing the temporal, spatial and model-grid resolution have

all, so far, failed to resolve the bistability.

4. DY CENTAURI: CASE-STUDY OF A

BORN-AGAIN STAR

4.1. Comparison with observed heating

G. C. Clayton et al. (2006) identified V605Aql as a

VLTP born-again star. Initially identified as a nova-

like outburst, V605Aql brightened rapidly to 12th mag-

nitude in 1921 and 1923, when it had a spectral type

R0, similar to some hydrogen-deficient carbon or RCrB

stars. It is now the hydrogen-deficient central star of

a planetary nebula, so G. C. Clayton et al. (2006) de-

duced that it expanded rapidly following a VLTP, and

has now contracted again. The surface temperature

was around 5000 K in 1921, over 50 000 K in 1997,
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Figure 11. The T − Ṫ curves for standard stellar models of
different masses during the post-AGB phase, with the dashed
line representing the curve of the 0.55915 M⊙ LTP model.
The DYCen observations from Fig. 10 are included.
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Figure 12. The T − Ṫ curves for the VLTP (Very Late
Thermal Pulse) models of 0.55901 M⊙, 0.68250 M⊙, and
0.72145 M⊙ are shown. In each case, the dashed lines of
the same color represent the average Ṫ values for that mass
model within the corresponding temperature range.

and reached 95 000K± 10 000K in 2006 (G. C. Clayton

et al. 2006). On average, the rate of temperature change

Ṫ ≡ dTeff/dt from 1921 to 1997 was greater than 592

Kyr−1, and from 1997 to 2006 it accelerated to about

5000 Kyr−1.

This may be compared with DYCen, which was ob-

served to show RCrB-like variations with an estimated

Teff ≈ 5000K in 1932 but is now contracting to reach

Teff ≈ 24 000K in 2016 (C. S. Jeffery et al. 2020). If

we calculate the average Ṫ between consecutive temper-

ature measurements for DYCen, using data from the

same researchers, we can observe the trend of Ṫ shown

in Fig. 10. DYCen’s surface is heating at an accelerat-

ing rate from about 65 Kyr−1 in 1920 to approximately

240 Kyr−1 by 2010. Compared to V605Aql, DYCen’s

evolution is significantly slower.

DYCen has also been identified as an extreme helium

(EHe) star (C. S. Jeffery & U. Heber 1993), for which the

merger of a helium white dwarf with a carbon-oxygen

white dwarf (CO+He WD) provides a convincing model

(H. Saio & C. S. Jeffery 2002; X. Zhang et al. 2014).

However the observed heating rate for DYCen is more

than a factor of 2 greater than observed for any other

EHe star (C. S. Jeffery et al. 2001) or predicted by any

CO+HeWDmerger model (H. Saio & C. S. Jeffery 2002;

X. Zhang et al. 2014). Moreover, DYCen shows a sur-

face hydrogen abundance more than 100× greater (by

number) than any other EHe star (C. S. Jeffery & U.

Heber 1993; G. Pandey et al. 2014; C. S. Jeffery et al.

2020). Its surface fluorine and strontium abundances are

enhanced by ∼ 2 and ∼ 4 dex respectively (G. Pandey

et al. 2014; C. S. Jeffery et al. 2020), reflecting an s-

processed intershell on the AGB. Its transition to a [WC]

type spectrum (C. S. Jeffery et al. 2020) argues for a

comparison with the hot RCrB star V348 Sgr, but this

helps little; neither does the presence of a nebula (O. De

Marco et al. 2002).

Consequently it has been appropriate to ask whether

there are circumstances under which an LTP or VLTP

model could resolve some questions about the origin of

DYCen.

We generated several models illustrating the T − Ṫ

evolution during the post-AGB phase (Fig. 11). These

models follow a trajectory typical of classical post-AGB

evolution after the star has lost most of its hydrogen

envelope during the AGB phase, resulting in a surface

hydrogen mass of ∼ 0.02M⊙.

The standard post-AGB model is strongly affected by

mass. As the mass increases from 0.54985M⊙ to 0.85375

M⊙, the maximum value of Ṫ rises from approximately

15 Kyr−1 to around 240 Kyr−1(B. Paczyński 1970).

Additionally, we included the 0.55915 M⊙ LTP (Late

Thermal Pulse) model for comparison in the plot. The

LTP model exhibits a heating rate of about 240 Kyr−1

during the early post-AGB phase, which is nearly an or-

der of magnitude faster than the standard model of the

same mass. However, this rate is still far below the 5000

Kyr−1 observed in V605Aql.

In the VLTP model, MESA simulations exhib-

ited computational instabilities during the contraction

phase, leading to numerically noisy evolution tracks.

Several attempts to reduce this noise were attempted,

including increasing and decreasing the resolution both

in space and time, without success. The tracks shown in



13

4.04.24.44.64.85.05.25.4
log Teff/K

1

2

3

4

5

6

7

8

lo
gg

/c
m

s
2

0.55875 M
0.58770 M
0.60770 M
0.63340 M
0.65870 M
0.68250 M
0.72145 M

4.304.35

1.8

2.0

2.2

2.4

2.6
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Fig. 12 have been smoothed to show the overall trends.

Fig. 12 also shows that the heating rate of the VLTP

model is highly sensitive to mass. At Teff ≈ 40 000 K, Ṫ

is often > 1000 Kyr−1 and, for the 0.72145 M⊙ model,

Ṫ is closer to 10 000 Kyr−1. The average Ṫ in the tem-

perature range 50 000 – 100 000 K matches the 5000

Kyr−1 rate observed in V605Aql.

4.2. Comparison with observed surface gravity

Figure 13 presents the evolutionary tracks of VLTP

models with different masses, from final contraction to

the white dwarf stage, plotted on the same log g − Teff

diagram alongside observations of DYCen (C. S. Jeffery

et al. 2020). Both surface gravity and luminosity are

strongly correlated with stellar radius. For a given star,

an increase in radius is generally accompanied by a rise

in luminosity and always by a decrease in surface gravity,

and vice versa. As a result, Fig. 13 displays a pattern

similar to that of an HR diagram, where the evolution-

ary tracks of higher-mass stars are located above those

of lower-mass stars. We can use these tracks to con-

strain the mass predicted by the model to around 0.6

M⊙. The observed track of DYCen appears to be off-

set by an angle relative to the model tracks. As for the

Stingray central star (N. Reindl et al. 2017), this may

simply be due to systematic errors in the spectroscopic

analyses.

4.3. Comparison with observed surface composition

Table 2 compares the observed surface composition of

DYCen with VLTP models for different core masses.

DY Cen has a surface dominated by helium at 94% by

mass fraction, with hydrogen at 2.6%, carbon at 2% and

nitrogen and oxygen at 0.13% and 0.60% respectively.

Such abundances cannot be satisfactorily reproduced by

VLTP models, which dredge up carbon- and nitrogen-

rich intershell material via a thermal pulse. Even in a

0.72M⊙ VLTP model, the surface helium mass fraction

peaks at only 79.2%, falling well short of the observed

94%. Consequently, DYCen is too H-rich and C+N+O-

poor to match the VLTP models, which all dredge CO-

core material to the surface.

5. DISCUSSION AND CONCLUSION

Over the past half-century, the Very Late Thermal

Pulse (VLTP) and Late Thermal Pulse (LTP) models

have provided the leading explanations for the rapid

evolution of chemically-peculiar post-Asymptotic Giant

Branch (post-AGB) stars. In particular, several ex-

tremely fast-evolving stars have been confirmed as prod-

ucts of a VLTP, including Sakurai’s Object (M. Asplund

et al. 2000) and V605Aql (G. C. Clayton et al. 2006).

Both of these may be related to the R Coronae Borealis

(R CrB) variables. We have established a comprehensive

database of VLTP/LTP models, taking into account var-

ious parameters such as core mass, convective overshoot-

ing, and envelope mass. We have examined key observ-

able properties including surface abundances, heating

rates, and evolutionary conditions. We have compared

the models with the rapidly evolving star DYCen, which

also recently passed through the R CrB phase, and have

attempted to shed light on its prior evolution.

5.1. LTP and VLTP models.

We have systematically examined how LTP and VLTP

models behave and how this depends primarily on the

hydrogen (H) envelope mass remaining after the star

leaves the AGB for the first time:

1. When the H envelope mass is approximately be-

tween 0 and 5×10−5M⊙, the star undergoes a Hydrogen-

deficient Late Thermal Pulse (Hd-LTP). In this case, the

star burns the last of its helium (He) and remaining H

during the early white dwarf stage, creating a very small

loop in its evolutionary track. These Hd-LTP models are

highly exploratory; there is no known mechanism which

could remove the most tightly bound layers of hydrogen

and hence create the necessary initial conditions.

2. When the H envelope mass is between 5×10−5M⊙
and 1× 10−3M⊙, the star experiences a convective zone

near the surface, driven by He burning in the early white

dwarf phase. This triggers a hydrogen flash, which

results in a final dredge-up of surface material. This

process produces the largest loop on the Hertzsprung-

Russell (HR) diagram, representing a classic VLTP.
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3. When the H envelope mass exceeds 1 × 10−3M⊙,

the He-shell flash driven convection zone does not reach

the H-rich surface layers and hence there are no changes

in surface composition. Following He-shell ignition, the

He-rich layers expand to such an extent that the H-shell

is extinguished. In this case, the star returns to the

AGB phase through stable He burning, and this Late

Thermal Pulse (LTP) appears as a relatively small, flat

loop in the HR diagram.

4. As already established, the heating rate is mass-

sensitive (N. Reindl et al. 2017; T. M. Lawlor 2021;

M. M. Miller Bertolami & L. G. Althaus 2006). This

is systematically illustrated using T − Ṫ diagrams for

VLTP models of different masses. In their contraction

phases, LTP and VLTP models evolve faster than stan-

dard post-AGB models by approximately one and two

orders of magnitude, respectively.

Convective overshooting (Section 3.6) affects the mod-

els in the following ways: As the convective overshooting

parameter increases in VLTP models, the abundance of

helium (He) gradually decreases, while the abundances

of carbon (C) and oxygen (O) increase. The overall

effect of increasing convective overshooting on surface

abundances exhibits a trend opposite to that observed

with increasing stellar mass.

5.2. DYCen

Considering that DYCen is a rapidly evolving

hydrogen-deficient star with both detailed surface abun-

dance measurements and nearly a century of observa-

tions, it holds particular significance. Crucially, in the

early 20th century, DYCen had a similar temperature to

V605Aql, and both were reported as RCrB stars at the

time. Given that V605Aql has already been confirmed

as a VLTP star, DYCen is a rare and key object for

validating evolution to the R CrB phase and subsequent

contraction to become an H-deficient hot white dwarf.

Since DYCen shows a surface hydrogen abundance

100× higher and a contraction rate at least 2× higher

than observed in stars thought to arise from a CO+He

WD merger, the question arises whether a VLTP model

could be helpful. We have therefore compared DY Cen

observations with our LTP and VLTP models. From

the perspective of surface abundances, the standard LTP

model predicts a relatively hydrogen-rich surface typical

for a post-AGB star. With substantial convective over-

shoot (e.g. f = 0.064 T. Blöcker 2001), final dredge-up

can occur and enrich the surface with helium, carbon

and heavier elements comparable with the VLTP mod-

els in Table 1. Neither LTP case is compatable with

the observations of DYCen. Similarly, the extremely

high helium abundance observed in DYCen (94%) is

unlikely to be realized with a VLTP model; even the

0.72M⊙VLTP model has only 79.2% helium. Based on

the observed track in Teff − log g space, a VLTP model

for DYCen would have a mass around 0.6 M⊙. How-

ever, the corresponding VLTP contraction rate (≈ 1 000

Kyr−1) is much higher than that observed over the last

120 years. From these perspectives, the DYCen obser-

vations do not satisfactorily match any of our LTP or

VLTP models, particularly with regard to the elemental

abundances.

In summary, both LTP and VLTP models, includ-

ing the extreme Hd-VLTP models, predict hydrogen

and carbon abundances which are much higher than ob-

served and must be ruled out, for now. The merging

CO+He WD model leads to enhanced carbon and nitro-

gen abundances at the level observed in DYCen. High

fluorine and strontium abundances can be explained by

material from the AGB intershell of the CO white dwarf

precursor and from the ring of fire associated with the

merge itself. The challenge is to find a combination of

parameters within the CO+He model which retains suf-

ficient hydrogen from the progenitor white dwarfs, as

well as providing for rapid contraction after the RCrB

phase has completed.
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